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ABSTRACT
Simulation of Optical Properties of Quantum Dots
by
Anupam Kumar
Dr. Bisw ajitD as, Examination Committee Chair
Professor o f Eleetrical and Computer Engineering
University o f Nevada, Las Vegas
Nanotechnology devices based on quantum dots have very interesting applications
because o f the unique characteristics that quantum dots exhibit. In addition to the very
small size and operation almost at the speed o f light, many important characteristics of
quantum dots such as absorption and extinction can be exploited to design devices with a
wide range o f applications. The study o f metallic quantum dots is also a very exciting
and interesting field in engineering because o f their immense application and relevance to
Surface Enhanced Raman Spectroscopy (SERS).
In this thesis, the variation in absorption spectra over a changing array o f parameters
has been studied. The objective is to look for tunability for various materials and sizes o f
quantum dots. Extinction spectra and electric field intensities over a range o f substrates
and for various sizes o f spherical gold (Au) and silver (Ag) nanoparticles have been
sim ulated. Im portant param eters su ch as suitable siz e o f m etal nanoparticle, surrounding

semiconductor substrate, and wavelength o f incident light for achieving highest electric
field intensity have been proposed on the basis o f simulations.
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CHAPTER 1

INTRODUCTION
Semiconductors have found a wide range o f applications in the modem era because o f
their unique properties. In spite o f their wide range o f applications, the conventional
semiconductor industry is slowly reaching its limitations. The discovery o f quantum dots
has provided a new thrust for the semiconductor industry. Due to their extremely small
size (in the order o f nanometers), quantum dots allow engineers to expand their horizons
and given the semiconductor industry a new dimension. The advantages o f quantum dot
devices over traditional semiconductor devices are immense, some o f which are their
compact size and operation almost at the speed o f light.
Because o f the interesting features that they exhibit, quantum dots find numerous
applications in the industry. They are a great resource for the optimization of devices
since they can be controlled by very few electrons. They exhibit superior transport and
optical properties which can be exploited for designing many interesting devices. Typical
applications o f quantum dots include quantum dot lasers, LEDs, Photodetectors,
Biological Sensors, Quantum Information Processing, Quantum Computing, and
d etectio n o f tum ors u sin g flu ro scen cc sp ectro sco p y to nam e a few .

Here, the simulation o f optical properties o f semiconductor and metallic quantum dots
has been carried out. Various optical properties such as absorption spectra, their change
due to polarization o f light, respective intraband transition strengths (for both conduction
1

and valence bands), and blue shift effect has been simulated and studied for the
semiconductor quantum dots. The semiconductor quantum dots for which these
simulations have been carried out are GaAs, Si, ZnO, CdSe, and CdTe. These simulations
have been carried out using the Quantum Dot Lab.
Further, the simulation o f the extinction spectra and eleetrie fields for varying sizes of
gold and silver nanopartieles has been carried out. Again, simulations for gold and silver
nanopartieles have been carried out over a variety o f substrates such as Si, GaAs, and
CdSe keeping the radius o f the nanoparticle fixed. This is a very interesting topic because
the simulation results that have been obtained show a wide tuning range over the infrared
region which depends on material and size o f nanoparticle, substrate variation as well as
wavelength and polarization of incident radiation. Finally, the results for the metallic
nanopartieles have been compared with experimental data that is already available and its
relevance to Surface Enhanced Raman Spectroscopy (SERS) shown. These simulations
have been carried out using the Nanosphere Optics Lab Field Simulator.

CHAPTER 2

LITERATURE REVIEW
Quantum dots are extremely small semiconductor particles whose excitons are
confined in all three spatial dimensions and size comparable to the de Broglie wavelength.
Theoretically, the dimension o f a quantum dot is considered to be zero. Because o f their
extremely small size, quantum dots have unique characteristics that are governed by
quantum mechanical laws rather than the laws o f classical physics.

0 0

% =

00

0

Figure 2.1 Particle in a Box [2]

If a single nanoparticle is kept inside an infinitely deep potential well, it cannot
escape from the potential well and does not lose any energy when it collides with the
walls o f the box. The particle in the box is assumed to be a single point and since it
experiences no force whatsoever inside the box, it is at zero potential energy. The wall is
impenetrable as the potential rises to infinity at the walls. [ 1 1 ]
The quantum dot exhibits the following behavior inside the box.
1. The particle can only have discrete values o f energy, and hence energy is said to
be quantized.
2. The lowest possible level o f energy that the particle can have is nonzero.
Incidentally, it is called the zero point energy.
3. Contrary to the notions o f classical mechanics where a particle can be found at
any spatial location, quantum mechanics predicts that there are particular
positions where a particle can never be found. [ 1 1 ]
The one-dimensional time independent Sehrodinger equation can be written as

8n^m dx^

ip(^x) + V{x)-ipix) = E\p{x)

Where
0

V{x) = {
loo

0 < x < Lx

e l sew he re

Its solution is given by

n = 1,2,3,....

0 < X<

2.1

Various discrete energy levels are shown in Figure 2.2.

M= 4

M= 3

n=2
M=

1

Figure 2.2 Discrete energy levels [2].

The corresponding electron densities can be found by using the equation

|0 (x )p = £ [sin g A :)]

2.3

Figure 2.3 depicts the corresponding distribution o f a single electron.
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Figure 2.3 Probability distribution o f a single electron [2]

If the particle is confined inside a three dimensional quantum well, then the 3-D
Sehrodinger equation is given by
5

x = i.

y»

"

y-

y»

Where
F ( x ,y ,z ) = I

0
00

0 < X < Lx,0 < y < L y , 0 < z < Lz
elsewhere

And its solution is given by

Ux, riy. Hz = 1 ,2 ,3 ,....

0 < X < Lx,0 < y < L y , 0 < z < Lz

If the simple case o f a spherically symmetric potential well with an infinite potential
barrier is considered, the energy values are given by the equation 2 .6 .

g .' =

EÊ

2 . 6

In the above equation ‘j ' is the root o f a Spherical Bessel function with ‘n ’ and

being

the number o f roots and order o f the function respectively. The x values for several
values o f n and I are listed in Table 2.1

Table 2.1 Solutions to the Bessel Function for different ‘n ’ and 7 ’ values [10]

L

N= 1

N=2

N=3

0

3.142

6.283

9.425

1

4.493

7.725

10.904

2

5.764

9.095

12.323

3

6.988

10.417

-

4

8.183

11.705

-

5

9.356

-

-

6

10.513

-

-

2.1 Quantum and Macroscopic worlds
As the physical dimensions o f a material increase, the energy level spacing becomes
shorter and shorter. A continuum o f energy states is, therefore, observed at the
macroscopic level. On the other hand, quantum phenomena are observed only in the
microscopic or nanoscale environment as depicted in Figure 2.4. The various energy
levels within a quantum well are given by equation 2.7

En = BrnL

2.7

Figure 2.4 Difference between Quantum and Maeroseopie worlds [2]

2.2 Transition Energy
The energy radiated or absorbed by an eleetron when an eleetron goes from an initial
state

to a final state ‘m ’ is known as transition energy. In other words, the transition

energy is the energy required to exeite or relax an eleetron from the state n to m.
If an appropriate amount o f energy is supplied to a system, then it is possible for an
eleetron confined at a particular energy level to hop over various energy states. [2 ] If this
amount o f energy is added to the system, then the electron absorbs the photon energy,
and ‘jum ps’ from a low energy level to a high energy level. On the other hand, when the
electron relaxes to a state o f low energy from a high energy level, it does so by emitting
electromagnetie radiation having a partieular energy. While the former phenomenon is
used to design a photodetector, the latter is employed to design a Light Emitting Diode
(LED). It is important to note here that nothing happens at other energy levels, the energy
states being diserete.

1
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Figure 2.5 Optical Transitions in Quantum Dots [2]

2.3 Fermi-Dirac Distribution Function
The Fermi function, f(E), is a probability density function that gives the ratio o f filled
to total allowed states at a given energy E. The function is established by employing
statistical arguments. The distribution o f electrons is very high about the most probable
energy state. Therefore, the occupation o f allowed states by electrons in semiconductors
and quantum dots is described by the Eermi-Dirac distribution function which gives the
most probable arrangements o f electrons in any semiconductor or quantum dot. [7] In
other words, the Fermi-Dirac distribution function indicates the occupancy o f states by
electrons in equilibrium at a given temperature and energy. [2 ]
Mathematically,

/(£■) = l+e

2.8

Where E f is is the Fermi energy (in eV), kg the Boltzmann constant (in eV/K), and T the
temperature (in °K).

1: Fully occupied by electrons

'T l

Fermi eneioy (b 3.2 (eV)

Figure 2.6 Variation o f Fermi Function with change in Temperature [2]

Figure 2.6 shows the variation in Fermi-level as the temperature o f the system changes.
At 0 °K the Fermi function looks like a step function. As thermal energy o f the system is
increased, more electrons near the Fermi-level are excited to occupy higher energy states
and the Fermi function starts showing a ramp. Electrons tend to occupy from the lower
energy states to states o f higher energies. [2 ]

2.4 Energy Absorption
Absorption is an important property o f quantum dots which depends on the FermiD irac distribution fun ction . A s has already b e en seen , the en ergy le v e ls are discrete. It is

assumed that the device is operating at finite temperature, and the number o f states is kept
constant regardless o f the energy level.

10

0.9

0.8

Figure 2.7 Occupancy o f states by electrons at various energy levels [2]

Figure 2.7 shows the various energy levels with respect to the Fermi function for a
device operating at finite temperature. It can he seen from the figure that at energy level
El, 90% o f the energy states have been occupied and only 10% o f the states are vacant for
electrons to occupy. At energy level Ez, 80% o f the energy states have been occupied and
only 20% o f the states are available for occupancy. Similarly, at energy level E 3 , 10% of
the energy states have been occupied and 90% o f the states are available for electrons to
occupy. So the absorption tends to he larger where transition from E 3 is involved. As can
he inferred, the absorption is small in the case where transition takes place from E| to Ez,
considerably large when transition takes place from Ez to E 3 , and largest when transition
takes place from Ei to E 3 . The following results have been summarized in Table 2.2 and
the corresponding absorption spectra shown in Figure 2.8.
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Table 2.2 Absorption at various transition energies [2]

State Transition

Transition Energy

Absorption

State 1 to State 2

E2-E1

Small (1)

State 1 to State 3

E3-E1

Largest (2)

State 2 to State 3

E3-E2

L arg e(3)

Absorption

measure

Transition
.Energy

(1)

(3)

(2)

Figure 2.8 Absorption Peaks at various transition energies [2]

2.5 Optical Properties o f Metallic Nanopartieles and their relevance to SERS
There has been a great advance in the fabrication of metal nanopartieles using various
lithographic techniques such as electron beam lithography, nanosphere lithography, and
other methods, which produce spherical nanopartieles o f well-defined shapes and sizes.
So, the characterization and determination of the optical properties o f metallic
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nanopartieles becomes important. Various factors such as the shape and size o f the
nanoparticle, the presence o f a supporting substrate, and polarization o f the incident light
play an important role in determining the optical properties o f metallic nanopartieles. [3]
Absorption, scattering, and extinction are the most important properties which govern
the optical transitions in metallic nanopartieles. Whenever, light is incident on a
nanoparticle, the energy o f photons is taken up by the electrons in the conduction band
and holes in the valence band. This conversion o f the electromagnetic energy o f light
into other forms (heat, for example) is known as absorption. If electromagnetic radiation
is incident on a nanoparticle, the electromagnetic field o f light interacts with the electric
field o f the atom, and this causes light to be scattered in various directions. This
phenomenon is known as scattering. One o f the most important optical properties o f
metallic nanopartieles is extinction, which is defined as the total electromagnetic energy
lost by a light wave in interaction with matter. In other words.

Extinction = Scattering + Absorption

The optical properties o f metallic nanopartieles are analogous to semiconductor
quantum dots, but the underlying physics is completely different. In comparison to
semiconductor nanopartieles where the blue shift occurs due to electron/hole energy
quantization to produce major modifications o f their optical properties, the changes that
occur in metallic nanopartieles are derived irom effects that can be explained using a
classical dielectric picture.

Mathematically, the Laplace and M axwell’s equations are

solved for electric field interaction with a spherical nanoparticle subject to two boundary
conditions,

13

1. Electric potential is continuous at the sphere surface
2. The normal component o f electric field displacement is continuous,
These equations are then solved to obtain the absorption, seattering, and extinetion
peaks.

The radiation incident on the sphere is partly absorbed, partly scattered and

remainder may be transmitted. Extinction coefficient, which is the sum o f absorption and
scattering coefficients as defined previously, therefore, gives the total radiation
intercepted by the nanoparticle. The wavelength at which the extinction peak occurs is,
then, examined.
Light absorption by metal nanopartieles leads to coherent oscillation o f electrons in
the conduction band. It can be noticed from Figure 2.9 that the electron cloud resonates
due to the applied electric field o f light.

f

Figure 2.9 Resonance o f electron cloud upon impinging light [3]

When the electron cloud is displaced relative to the nucleus, a restoring force arises
from coulomb attraction between electrons and nuclei which results in oscillation o f the
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electron cloud relative to the nuclear framework. The collective oscillation o f electrons is
called plasmon resonance. For a specific nanoparticle, plasmon resonance occurs at a
particular wavelength o f light. The extinction coefficient (k) is calculated from the
following equation

Here ‘L’ is the wavelength o f incident light, and
surrounding medium,

the dielectric constant o f the

is the real part, and fg is the imaginary part o f the dielectric

constant o f the metal which is given by

= El + i f 2

2.10

Both El and Sg are dependent on the frequency co o f the incident light. If £g is small or
weakly dependent on co [ 1 0 ], the absorption maximum corresponding to the resonance
condition is produced when

T h is co n d itio n lea d s to a v a n ish in g denom inator. T his is the reason w h y a surface

plasmon resonance condition is produced at optical frequency to at which the resonance
condition is fulfilled. [10] This equation also explains the need for using metallic
nanopartieles, the reason being the negative dielectric constant o f metals. Equation 2.11
15

can thus be satisfied for a metallic nanoparticle with negative dielectric constant on a
semiconductor substrate with positive dielectric constant.
Equation 2.11, if followed, yields hotspots with very high induced electric field at the
wavelength corresponding to the extinction peak. The location o f the hotspots depends on
the parameters chosen. The hotspots may form either the vertices o f a cuboid, or radially
distributed or located along a certain axis. So, if a Raman experiment is conducted on a
single molecule, the molecule can be easily detected because o f the very high induced
electric field localized at the hotspots. Very high Raman signal can be detected emanating
from the single molecule.

16

CHAPTER 3

SIMULATION TOOLS
The software used for earrying out the simulations is Nanohub. There are various
tools in Nanohub used for simulating the behavior of partieles at the quantum level. The
tool used for earrying out the simulation o f semiconductor nanoparticles is Quantum Dot
Lab, and that used for simulating the behavior o f metallic nanopartieles is Nanosphere
Optics Lab Field Simulator.

3.1 Quantum Dot Lab
The Quantum Dot Lab simulates the particle in a box problem for a variety o f
geometries such as boxes, cylinders, pyramids, and ellipsoids. Single band effective mass
model is employed for the simulations. Effective mass is the reasonable parameter to vary,
because it is the only parameter in the Schrodinger equation that can be varied for
different materials.
The current version o f the Quantum Dot Lab uses only a single band model, therefore
only intraband transitions can be simulated. Intraband transitions are a unique feature of
quantum co n fin em en t in nanopartieles. A lth o u g h the S chrodinger equation ean be so lv e d

easily for spherical nanopartieles, the mathematical solution is extremely difficult for
arbitrary shapes. Further real world samples always have some deviation from the ideal
and will be ellipsoid in shape, and that is where the Nanohub software becomes vital. The
17

ultra-purity and perfect size distribution o f the samples at the Nevada Nanotechnology
Center is expected to give a spectroscopy close to textbook quantum mechanics with an
error o f less than 5%. The optical properties o f GaAs, Si, ZnO, CdSe, and CdTe spherical
nanopartieles have been simulated with +/-5% deviation. Thus, for an ideal nanopartiele
of lOnm diameter, the lengths along the X, Y, and Z axes have been taken as 9.5nm,
lOnm, and 10.5nm respectively.
The 3-D confined wave functions based on the Schrodinger equation can be
visualized for the quantum dots. A number o f optical intraband transitions ean be
computed and visualized as dark and light lines which are nothing but the transition
strengths at specific values o f transition energies. Based on different polarizations and
orientations, the absorption curves ean be computed. Parameters such as polarization of
incident light, Fermi level, or temperature can be varied to analyze the effect o f 3-D
geometries on isotropic optical properties.
The Fermi level o f the Nanohub software is different from the Fermi level in a two
band model. Nanohub uses a single band model. So, the Fermi level is assigned
according to the occupancy o f the ground state.
The parameters which can be varied in the Quantum Dot Lab have been shown in Figures
3.1 (a) and 3.1 (b) respectively.
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Figure 3.1 Quantum Dot Lab

3.2 Nanosphere Optics Lab Field Simulator
The Nanosphcrc Optics Lab is used to simulate and predict the behavior o f metallic
nanopartieles when interacting with light. It is used to compute the electric field induced
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by electromagnetic radiation as well as the absorption, scattering, and extinction spectra
o f spherical nanopartieles. Various parameters such as refractive index o f the surrounding
substrate, radius o f the nanoparticle to be studied, the order o f the Bessel function,
polarization o f light and wavelength o f the incoming radiation can be varied in order to
derive results and predict the nature o f nanopartieles such as Ag and Au as shown in
Figure 3.2 (a).

R efra c tiv e Indexé

R adiu s.
M aterial

Initial W ave-L ength:
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No o f S te p s
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In cid e n t L i g li /3 5 7 n r n \
P la n e V x Y ' / ........

..............

Starting: -7 5 n m
E n : 75 n iii
in c re rn u r iL . 1 S

(b)
Figure 3.2 Nanosphere Optics Lab Field Simulator
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First the wavelength at which the peak of the extinction spectra occurs is computed
keeping the electric field at zero for a nanopartiele o f given size. Since electric field is
maximum at the wavelength at which the extinction peak occurs, the wavelength o f the
incident light is assigned that value, and the tab ‘Calculate Electric Field’ clicked as
shown in Figure 3.2 (b). The various extinction spectra and the electric field distribution
are, then, computed.
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CHAPTER 4

RESULTS AND DISCUSSIONS
The simulations for a lOnm GaAs quantum dot for four states have been carried out
and dependence o f the absorption spectra on polarization o f light, Fermi-level, and
geometry studied. The figure below shows the magnitude o f the four energy levels for an
ellipsoidal quantum dot having the dimensions 9.5nm, lOnm, and I0.5nm along the X, Y,
and Z directions respectively. The magnitudes are found to be E] = 0.849033eV, E 2 =
I.66648eV, E 3 = 1.722299eV, and E4 = 1.79399eV. It can be observed that the energy of
the states goes on increasing from Ei to E 4 . The magnitudes o f E 2 , E 3 , and E 4 are
comparable and E, has a much lower energy compared to the other three states.
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Figure 4.1 Eigen values for a GaAs Quantum Dot
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The shapes o f the different states have been shown in Figures 4.2(a), (b), (c), and (d)
respectively. The s-state corresponds to the energy level Ei and is almost spherical in
shape. As far as other three states are concerned, they share the same geometry but their
orientations along the Z, Y, and X axes are different. The pz, py, and px states correspond
to the energy levels E 2 , E 3 , and E4 . The p-orbitals are rather dumbbell shaped. The spacial
orientations o f the orbitals play a major role in that they decide which optical transitions
will occur.

(b) pz-state

(a) s-state

(c) py-state

(d) px-state

Figure 4.2 3-D Wave functions for a GaAs Quantum Dot
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The various transition energies for the four energy levels have been calculated in
Figure 4.3. It can be observed that the transition energies for transitions within the porbitals are very less compared to the transitions between the s-orbital and one o f the porbitals.
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Figure 4.3 Calculation o f transition energies between different orbitals

Light o f varying intensities and polarizations can be incident on a quantum dot.
Polarization o f light simply means the direction o f electric field for any ray o f light. So, if
light is X-polarized, the direction o f its electric field is along the X-axis. The angle of
incidence for X-polarized light is zero.
Figure 4.4 shows the transition strengths corresponding to different transition
energies on the logarithmic scale for X-polarized light. It can be seen that the transition
strength for transition between the s and px orbitals is considerably higher than transition
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between other states. Though, absorption takes place within other orbitals too, but it is
significantly weaker compared to the px-s transition. So, the absorption peak for Xpolarized occurs at px-s. The transition px-s is said to be allowed in X-polarized light,
whereas, others are said to be forbidden in X-polarized light. Another way to describe it
is that the transition for px-s is light transition, while for others, the transition is dark.

anddark
A llow ed m X -poIanzed light

F o rb id d e u m X -p o larized light

IE.20

enemy (ev)

py-pz I px-py

px-pz

py-s I px-s

Figure 4.4 Transition Strengths for X-polarized light

Similarly, for light polarized in the Y-direction, the peak absorption occurs for the
transition from s to py as shown in Figure 4.5. And, for Z-polarized light, the absorption
peak occurs for s to pz transition as shown in Figure 4.6.
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Figure 4.5 Transition Strengths for Y-polarized light
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Figure 4.6 Transition Strengths for Z-polarized light
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In order to study the effect o f polarization o f light on the optical properties of
quantum dots, there are two angular parameters that are o f concern. The light source
makes a certain angle with respect to the vertical axis (Z-axis) o f the quantum dot. This is
the angle o f incidence (theta, 6 ) o f the light source expressed in degrees. The value
0°, represents light shining straight down on the quantum dot. The value

6

6

=

= 90°

represents light shining parallel to the X-Y plane. Another angular parameter that is o f
concern, here, is the angle phi (0 ). It is the angle o f the light source around the quantum
dot, also expressed in degrees. This is the angle o f rotation around the vertical axis (that
is, around the Z-axis), in the X-Y plane.
Figure 4.7 shows the absorption spectra for a GaAs quantum dot when a Z-polarized
light is incident on it. The X-axis represents the transition energy (in eV), and the Y-axis
represents the absorption strength. Since the light shining on the quantum dot is Zpolarized, 0 = 90°, and 0=0°. The Fermi-level is kept at OeV, and the ambient
temperature (T) o f the quantum dot, expressed in Kelvin (K), is assumed to be the room
temperature, that is, T = 300 °K. The absorption peak for this case occurs for the
transition from s to pz orbital.
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Figure 4.7 Absorption Spectrum with Z-polarized light impinging on GaAs QD

Now, if the angle o f incidence, 0, is swept from 0 = 0° to 0 = 90°, a total o f four
absorption peaks are observed as shown in Figure 15. This is because for 0 = 0°, the
incident light is X-polarized, and for 0 = 90°, the incident light is Y-polarized. There will
be one absorption peak at px-s for X-polarized light, and at pz-s for Z-polarized light.
Two more absorption peaks are observed at 0 = 45°, because for 0 = 45°, the incident
light will have polarization components along both the X and Z directions.
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Figure 4.8 Absorption Spectra with sweep o f angle o f incidence

Now, if 0 is swept from 0° to 90“ and the angle around the quantum dot is shifted by
45 degrees, that is, cp = 45“, more absorption peaks are observed. This happens because
for cp = 45“, and 0 varying from 0 to 90 degrees, the incident light will have polarization
component along the Y-axis, too, besides polarization components along the X- and Zaxes. So, in addition to absorption peaks at px-s, and pz-s, there is one more absorption
peak at py-s as shown in Figure 4.8.
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Result

Sweep Angle theta m unih of

V

px-s
Figure 4.9 Absorption Spectra with shift o f angle o f rotation around the QD

Figure 4.10 shows the calculation o f transition energies for the valence band o f a
GaAs quantum dot having the dimensions x = 9.5nm, y = lOnm, and z = lO.Snm. Here,
hole effective mass is taken instead o f the electron effective mass. The incident light,
again, is Z-polarized. Again, the magnitudes o f px-py, py-pz, and px-pz are significantly
smaller compared to px-s, py-s, and pz-s. So, the absorption strengths at px-py, py-pz,
and px-pz are very weak. The maximum absorption strength is achieved at pz-s, since the
incident radiation is Z-polarized as shown in Figure 4.11.

30

s
El

0.126412
s
E,
0.12641:

Pz
E)
024612
P z-s
% -E ,
0.121708

Pz
E:
024612

E;

Px
E,

0 2 « ;3 4

0267W5

P \-S
E- El

P x -s

0130122

0.140092

P y -P z
El 0.0DS4Î4

P x -P z

%

E i-E :
0j01S98i

P s-P y
E4™E;.
0:010571

Py
B,
0.2*6M4
Px
E,
026710;

Figure 4.10 Transition energies between different orbitals in the valenee band
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Figure 4.11 Absorption spectrum with Z-polarized for valence band
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Figure 4.12 shows the comparison o f absorption strengths for the GaAs quantum dot.
It can be seen that the absorption peak for the conduction band occurs at much higher
transition energy than for the valence band. The underlying physics behind it can be
explained with the help of the Schrodinger equation. According to the Schrodinger
equation, the energy o f a given particle is inversely proportional to the square of the
electron or hole effective mass. That is, more the effective mass, less is the associated
absorption energy and vice-versa. Now, for GaAs the electron effective mass is 0.067,
and the hole effective mass is 0.45. Since the electron effective mass is much less
compared to the hole effective mass for GaAs, therefore, the absorption energy associated
with the conduction band is much higher compared to the valence band.

Valence Band

Conduction Band

IE-4 ^

lg-8

I E 10
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——
.0
0.5
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Figure 4.12 Comparison o f Absorption spectra for valence and conduction bands

The various energy levels (expressed in eV) for the valence and conduction bands of
GaAs, Si, ZnO, CdSe, and CdTe have been tabulated in Table 4.1 (all energies are in eV).
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Table 4.1 Conduction and Valence band energy levels for lOnm diameter particle

GaAs

Si

Ec

Ev

Ec

El
E2

0.849

E3

1.722
1.793

0.126
0.248
0.256
0.267

0.052
0.103
0.106

E4

1 .6 6 6

0 .1 1 1

Cd Se

ZnO
Ev
0 .1 0 1

0.199
0.206
0.214

Cd Te

Ec

Ev

Ec

Ev

Ec

Ev

0.299
0.587
0.607
0.632

0.047
0.092
0.095
0.099

0.437
0.858

0.126
0.248
0.256
0.267

0.517
1.015
1.049
1.092

0.147
0.284
0.295
0.318

0 .8 8 8

0.924

Figure 4.13 shows the comparison o f valence and conduction bands for Si, ZnO,
CdSe, and CdTe. It can be observed that except for Si, the absorption energy associated
with the conduction band is higher than that associated with the valence band. This result
can be attributed to the fact that the electron effective mass for Si is more (almost twice)
than its hole effective mass, which is not the case with ZnO, CdSe, and CdTe. Table 4.2
shows the electron and hole effective masses for GaAs, Si, ZnO, CdSe, and CdTe. One
noticeable difference between the natures o f absorption peaks for the conduction and
valence bands is that the conduction band peaks are sharper compared to the valence
band peaks. Nevertheless, the difference is not much.

Table 4.2 Electron and Hole Effective masses for different materials

GaAs
Si
ZnO
CdSe
CdTe

Electron effective mass
0.067
1.08
0.19
0.13
0 .1 1
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Hole effective mass
0.45
0.56
1 .2 1

0.45
0.40
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Figure 4.13 Conduction/Valence Bands Absorption Spectra for Si, ZnO, CdSe, and CdTe

4.1 Fermi-level Dependence

T he F erm i-lev el o f a m aterial is a p robability d e n sity fu n etion w h ie h te lls the

occupancy o f states by electrons at a given temperature and energy under equilibrium
conditions. The Quantum Dot Lab introduces the unique concept o f single band Fermilevel. The Fermi values in the Quantum Dot Lab are ascribed relative to the ground state.
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So, a Fermi-level o f OeV coincides with the ground state at 0.849033eV for a GaAs
quantum dot having the dimensions o f 9.5nm, lOnm, and lO.Snm along the X, Y, and Z
axes respectively.

The changes in absorption spectra with the Fermi-levels varying from OeV to 2eV
have been plotted in Figure 4.14. It can be observed that absorption strength decreases
with increasing Fermi-levels, except for Fermi-levels located at OeV and 0.5ev. Actually,
the absorption spectra follow a particular trend in different divisions o f Fermi-levels.

Absorption depends both on the occupancy o f the ground state and vacancy available
in the excited state. Absorption tends to be stronger if the occupancy o f the ground state
and vacancy in the excited state is high, and is strongest for a totally occupied ground
state and a completely empty excited state. For this condition to be satisfied the Fermilevel should coincide with the ground state. It can be noted that if E = Ep, equation 2.8
yields/ (E) = 0.5. So, the absorption coefficient is highest for the Fermi-level located at
0.5eV.

The following is a demarcation o f the absorption strengths in different regions o f the
Fermi-levels.

a) 0.5eV < Ep < 2eV
For Ep located at 2eV, the excited state is partly occupied. So there is not
much vacancy available in the excited state for electrons to occupy. As the Fermilevel is increased further, the vacancy in the excited state reduces. So, the
absorption coefficient goes on decreasing with increasing Fermi-levels.
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b) OeV < E f < 0.5eV
For Ep = 0.5eV, the ground state is totally occupied and the excited state is
completely unoccupied. So, the absorption is strongest when the Fermi-level is
located at 0.5eV. As the Fermi-level is lowered, there are lesser number o f
electrons available in the ground state to move into the excited state. So,
absorption strength becomes weaker with decreasing values o f the Fermi function.
c) Ep = 0
If the Fermi-level is located at OeV, the occupancy o f the ground state is
somewhat low. So, even though the absorption is strong at OeV, it is a bit less
when compared with the absorption strengths with Fermi-level below 0.5eV and
above OeV.

OSpV
l.OcV
1

I

Figure 4.14 Dependence o f Absorption Spectra on Fermi-level

37

4.2 Shape Dependence
The geometry o f a quantum dot greatly influences the optical transitions that occur in
a quantum dot. Figure 4.15 compares the absorption spectra o f four quantum dots having
a mean diameter o f lOnm with deviations o f 0%, 5%, 10%, and 20% from the ideal when
Z-polarized light is incident on the quantum dot. The dimensions o f the ellipsoids along
different axes have been taken as (lOnm, lOnm, lOnm), (9.5nm, lOnm, 10.5nm), (9nm,
lOnm, 1 Inm), and ( 8 nm, lOnm, 12nm) respectively.

Result [Absorption

1 Ê -5 -

C
O
r;.

o

0

Energy (eV)
Figure 4.15 Dependence o f Absorption Spectra on shape o f the Quantum Dot
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It can be observed from the plot that the absorption for the sphere is slightly more
than that for an ellipsoid having a deviation o f

1 0

%, hut considerably less than ellipsoids

having deviations o f 5% and 20%.

4.3 Orientation Dependence
One o f the major factors influencing absorption besides shape is the orientation o f the
quantum dot along different axes when light o f certain polarization is incident on the
quantum dot. Figure 4.16 shows the absorption spectra for GaAs quantum dots having the
same size and shape hut differing in their orientations along the X-, Y-, and Z-axes when
a Z-polarized light is incident on them. It can he observed from the plot that as the
dimension o f the quantum dot along the Z-axis decreases, the absorption strength
increases.
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Figure 4.16 Dependence o f Absorption Spectra on orientation o f the Quantum Dot
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4.4 Size Dependence
Along with shape, size greatly influences the optical transitions that occur in a
quantum dot. Figure 4.17 shows the absorption spectra for GaAs quantum dots o f sizes
5nm, lOnm, 15nm, and 20nm each having 5% deviation from the ideal. It can be seen
from Figure 4.17 that as the size o f the quantum dot decreases, the transition energy for
which the absorption peak occurs also increases. The absorption strengths also show an
increase with decreasing size except for quantum dots with diameters o f

2 0

nm and 15nm

where a decrease in absorption is observed with decreasing size o f the quantum dots. The
absorption peaks for different sizes show a very wide tunability over the infrared region
ranging from the start o f the infrared region to the Mid-Wave infrared region, which can
be exploited for designing quantum devices having different applications. For example,
the absorption peaks o f the 20nm and 15nm quantum dots lie in the Mid-Wave infrared
(MWIR) region which can be used for designing heat seeking missiles. Similarly, the
absorption peak o f the lOnm GaAs quantum dot lies in the Short-Wave infrared (SWIR)
region which can be used for long distance communications.
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Figure 4.17 Dependence o f Absorption Spectra on size o f the Quantum Dot

4.5 Blue-Shift
Table 4.3 shows the various energy levels for GaAs quantum dots o f sizes varying
from 5nm, lOnm, 15nm, and 20nm. It can be observed from Table 4.3 that as the size o f
the quantum dot decreases, the respective energy levels show a marked increase in
magnitude. This effect is known as the Blue-Shift effect.
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Table 4.3 Energy levels for various sizes o f the Quantum dot

GaAs

5nm

lOnm

15nm

El (in eV)

3.17477

0.849033

0.384654

0.218785

E 2 (in eV)

6.16251

1.666480

0.755485

0.429988

E 3 (in eV)

6.35924

1.722990

0.784282

0.446370

E4 (in eV)

6.56844

1.793990

0.815312

0.464526

2 0

nm

Figure 4.18 depicts the Blue-Shift effect for GaAs. The Y-axis represents the energy
values whereas the X-axis represents the square o f the quantum dot diameter. It can be
observed that there is a reciprocal relationship between the energy values and the square
of the quantum dot diameter. The curves for the energy levels E 2 , E 3 , and E 4 are in close
proximity to one another as is expected.

GaAs Blue-Shül

- E3

100

150

250

300

Square of QD Diameter

Figure 4.18 Blue-Shift effect for GaAs
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4ÜC

4.6 Material Dependence
Figure 4.19 shows the absorption spectra for quantum dots o f different materials such
as Si, ZnO, CdSe, CdTe, and GaAs each having a diameter o f lOnm with 5% deviation
along the axes. It can be seen from the plot that the absorption peaks for quantum dots of
different materials show a very wide tunability over the infrared region ranging from
Near infrared (NIR) to Far infrared (FIR). The absorption peaks o f Si, ZnO, CdSe, CdTe,
and GaAs quantum dots lie in FIR, MWIR, SWIR, SWIR, and NIR regions respectively.
So, a Si quantum dot o f lOnm diameter can be used for designing Far Infrared Lasers,
ZnO quantum dot for designing heat seeking missiles, CdSe and CdTe quantum dots for
long distance communications, and GaAs quantum dot for designing Night Vision
cameras.

ZnO 003 * COT*
4

1.Z4

M W IK

SW IR SW IR

4 1 3 0 h m 2S80nm 2480iK n

I400nm

Figure 4.19 Comparisons o f Absorption Spectra o f Si, ZnO, CdSe, CdTe, and GaAs
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4.7 Optical Properties o f Metal Nanoparticles
In Figure 4.20, a comparison o f the real and imaginary parts o f the dielectric constant
o f silver has been shown. It can be noticed from the figure that the magnitude o f the real
part increases sharply with increasing wavelength o f the incident light, whereas the
imaginary part remains more or less equal to zero.
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Figure 4.20 Comparison o f Real and Imaginary parts o f dielectric constant o f silver

Metal nanoparticles can be characterized into big and small according to the different
properties they exhibit in these two ranges. Metal nanoparticles having radii more than
25nm are known as big, whereas those with radii less than 25nm are called small.
Figure 4.21 shows the extinction spectra for small silver nanoparticles o f radii lOnm,
15nm, 20nm, and 25nm. It can be observed from the plot that as the size o f the
nanoparticle increases, the wavelength at which the peak o f the extinction coefficient
occurs also increases. Along with peak extinction wavelength, the bandwidth also shows
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an increase with size whereas the peak extinction wavelength shows a marked rise. These
results have been summarized in Table 4.4. A study o f Figure 4.21 also shows that the
peaks o f the extinction coefficients are sharp and quite apart from each other.
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Figure 4.21 Extinction Spectra o f small silver nanoparticles
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Table 4.4 Wavelengths, Amplitudes, and Bandwidths corresponding to Peak Extinction
Coefficients for small silver nanoparticles

Nanoparticle
Radius (in nm)

1 0

15
2 0

25

Extinction
coefficient peak
Wavelength (in
nm)
355
357
359
364

Extinction
coefficient peak
Amplitude (in nm)

FWHM
(in nm)

3.63
5.49
7.59
8.41

26
30
34
40

The nature o f the extinction spectra for big silver nanoparticles has been shown in
Figure 4.22. It can be observed from the figure that as the size o f the nanoparticle
increases, the peak extinction wavelength also increases. This means that the peak
extinction wavelengths show a red shift. As the size o f the nanoparticle increases, the
peak extinetion amplitude shows a slight decrease in magnitude but more or less remains
the same. There is a pronounced increase in bandwidth with increasing size o f the
nanoparticle. These observations have been summarized in Table 4.5. It can also be
observed from Figure 4.22 that the peaks for big metallie nanopartieles are clustered
together and are broader when compared to those o f small nanopartieles.
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Figure 4.22 Extinction Spectra o f big silver nanopartieles

Table 4.5 Wavelengths, Amplitudes, and Bandwidths corresponding to Peak Extinction
Coefficients for big silver nanopartieles
Nanoparticle
Radius (in nm)

30
35
40
45

Extinction
Coefficient Peak
Wavelength (in
nm)
367
381
390
397

Extinction
Coefficient Peak
Amplitude (in nm)

FWHM
(in nm)

J 6
8^9
8 A6
8.14

48
57
70
90

8

Figure 4.22 shows the electric field intensities for small silver nanopartieles when the
wavelength o f the incident light is equal to the peak extinction wavelength. For the lOnm
particle, the electric field is rather spread out in area, but its intensity is not much. The
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electric field for the 15nm particle is not much distributed in area, but its intensity is very
high. In fact, the field intensity is highest for the 15nm particle, reaching up to 773 times
o f the field intensity found at the surrounding substrate. Two hot spots are observed at the
edges o f the nanoparticle. With increasing size o f the nanoparticle, the electric field
becomes much more distributed in area and its intensity goes on decreasing.

(a) lOnm

(b) 15nm

(c)

(d) 25nm
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Figure 4.23 Electric Field Intensities for small silver nanopartieles
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The distribution o f the electric field for a 15nm particle in different planes has been
shown in Figure 4.24. Since the incident radiation in X-polarized, the hotspots can be
observed in the X-Y and X-Z planes, but not in the Y-Z plane.

f

a) X-Y Plane
Oj0 3

(c) Y-Z Plane

(b) X-Z Plane
1*&

30A
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Figure 4.24 Electric Field Distribution in different planes

The electric field distribution for big silver nanopartieles o f radii 30nm, 35nm, 40nm,
and 45nm has been shown in Figure 4.25. The field intensity for the 30nm particle is
slightly more compared to the 35nm particle with similar spread over area. W ith the
40nm particle, the field distribution becomes larger with field intensity comparable to the
30nm and 35nm particles. With the radius o f the nanoparticle reaching 45nm, the electric
field becomes much more distributed in area and intensity and two hotspots are observed
at the edges o f the silver nanoparticle.
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Figure 4.25 Electric Field Intensities for big silver nanopartieles

4.8 Extinction Spectra and Electric Field Intensity o f Silver with substrate variation
The dielectric constant o f a material is a property which is directly proportional to the
square o f its refractive index. As the dielectric constant o f a material increases, so does its
refractive index. Figure 4.26 shows the variation in extinction spectra o f a 15nm silver
nanoparticle when it is placed over different substrates such as CdSe, Si, and GaAs.
Vaccum as surrounding medium shows the absence of a substrate.
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Figure 4.26 Extinction Spectra o f 15nm silver particle with substrate variation

It can be seen from Figure 4.26 that as the nanopartiele is placed over substrates with
increasing refractive indexes, the wavelengths at which the peak extinction occurs also
increase in value. The peak extinction amplitudes and associated bandwidths show a
marked increase. The peak extinetion wavelength is highest when GaAs is used as the
substrate. These observations have been summarized in Table 4.6.
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Table 4.6 Wavelengths, Amplitudes, and Bandwidths corresponding to Peak Extinction
Coefficients for silver nanopartieles placed over different substrates

Substrate

Refractive Index

Peak Extinetion
Amplitude
(in nm)
5.49

FWHM
(in nm)

1 .0

Peak Extinetion
Wavelength
(in nm)
357

Vacuum
CdSe

2.4

595

19.2

56

Si

3.4

799

20.7

72

GaAs

3.66

852

2 0

78

6

31

The electric field intensities for the 15nm particle placed over CdSe, Si, and GaAs
have been shown in Figure 4.27. The field intensity is almost the same for CdSe, Si, and
GaAs, being relatively higher when GaAs is used as a substrate. It should be noticed that
the field intensity is very less in the absence o f a substrate.
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(a) Vacuum

(b) CdSe
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(d) GaAs
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Figure 4.27 Field Intensities o f 15nm silver particle with substrate variation

4.9 Gold Nanopartieles
Gold nanopartieles, like silver nanopartieles, are differentiated into small (radius <
2 5 n m ) and b ig (radius

2 5 n m ). T he ex tin ctio n spectra o f g o ld differ from th ose o f silv er

in the number o f extinetion peaks. There are usually two extinetion peaks for gold
(compared to one in the ease o f silver), a fact which can be attributed to the different
electronic structure o f gold.
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Figure 4.28 shows the extinction spectra for small gold nanopartieles o f radii lOnm,
15nm, 20nm, and 25nm. It can be observed from the plot that as the size o f the
nanopartiele increases, the wavelength at which the peak o f the extinction coefficient
occurs also increases. The extinction coefficient peaks show a marked decrease in
magnitude and are quite apart with respect to each other. While there are two extinction
peaks for the 15nm, 20nm, and 25nm particles, the gold nanopartiele with radius lOnm
shows only one extinction peak.
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Figure 4.28 Extinction Spectra o f small gold nanopartieles
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Table 4.7 Wavelengths corresponding to Peak Extinction Coefficients for small gold
nanopartieles

Radius
(in nm)

Extinction Coefficient
Peak
Wavelength 1 (in nm)

1 0

-

15

762
774
791

2 0

25

Extinction Coefficient
Peak
Wavelength 2 (in nm)
860
889
928
980

The big nanopartieles also have peak extinction wavelengths increasing with size.
The peaks are relatively broader when compared to those o f small nanopartieles. Except
for the 30nm particle, two extinction peaks are observed for all the nanopartieles. These
observations have been recorded in Table 4.8 and the plot shown in Figure 4.29.

Result: iExtincImn Curve

10

S

800

Figure 4.29 Extinction Spectra o f bigger gold nanopartieles
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Table 4.8 Wavelengths corresponding to Peak Extinction Coefficients for bigger gold
nanopartieles

Radius
(in nm)
30
35
40
45

Extinction Coefficient
Peak
Wavelength 1 (in nm)
-

752
766
778

Extinction Coefficient
Peak
Wavelength 2 (in nm)
809
833
857
885

Figure 4.30 shows the extinction spectra o f 15nm gold particles placed successively
over semiconductor substrates o f CdSe, Si, and GaAs. Again, vacuum as surrounding
substrate depicts the absence o f a semiconductor substrate. Except for CdSe, two
extiction peaks are observed for all the surrounding substrates. With substrates o f
increasing refractive indexes, the peak extinction wavelength increases too. The highest
peak wavelength is observed when GaAs is used as substrate.

I—
600

—

—

800

Figure 4.30 Extinction Spectra o f gold nanopartieles with substrate variation
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Table 4.9 Wavelengths corresponding to Peak Extinction Coefficients 15nm gold
particles with substrate variation

Substrate

Refractive Index

Vacuum
CdSe
Si
GaAs

2.4
3.4
3j&

Wavelength 1
(in nm)
335

1 .0

-

722
762

Wavelength 2
(in nm)
508
655
840
889

The electric field intensities for 15nm gold particles with GaAs as the surroyunding
substrate have been shown in Figure 4.31. The field intensities have been simulated
keeping the wavelength o f the incident light equal to the two peak extinction wavelengths
(762nm and 889nm).

(b) E at 889nm

(a) E at 762nm
3,74

765.

Figure 4.31 Electric Field Intensities o f 15nm gold particle at two peak wavelengths
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The electric field is highest when the wavelength o f the incident light is equal to the
maximum o f the peak extinction wavelengths (that is, 889nm).

4.10 Comparison with Experimental Data
The simulation results obtained are very close to experimental results obtained in [ 8 ]
and [9], and show similar behavior. The wavelength corresponding to the peak extinction
coefficient show red shift in both simulation and experiment. The comparison o f peak
extinction wavelengths for various sizes o f silver nanopartieles has been shown in Table
4.10. Similar results for gold nanopartieles have been compared in Table 4.11. The
simulation and experimental data correspond to each other with very little deviation.

Table 4.10 Comparison o f wavelengths corresponding to peak extinction coefficients for
different sizes o f silver nanopartieles with experimental data

Silver Nanopartiele
Radius
lOnm
24nm
25nm
30nm
33nm
35nm
40nm
42nm
43nm
45nm

Peak Extinction
Wavelength
(Simulation)
420nm
450nm
453nm
466nm
477nm
485nm
501nm
512nm
514nm
522nm
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Peak Extinction
Wavelength
(Experimental) [8 ]
415nm
420nm
440nm
450nm
460nm
460nm
450nm
460nm
494nm
494nm

Table 4.11 Comparison o f wavelengths corresponding to peak extinction coefficients for
different sizes o f gold nanopartieles with experimental data

Gold Nanopartiele
Radius

Peak Extinction
Wavelength (Simulation)

9nm
nm
48nm
99nm

521nm
526nm
545nm
515nm

2 2
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Peak Extinction
Wavelength
(Experimental) [9]
517nm
521nm
533nm
575nm

CHAPTER 5

CONCLUSIONS AND FUTURE WORK
The most important applications o f quantum dots can be devised by simulating and
studying their optical properties such as absorption and extinction spectra. By considering
the wavelength range in which a certain absorption or extinction peak occurs,
nanotechnology devices can be designed with a wide variety o f applications.
The effect o f variation o f a wide array o f parameters such as polarization o f light,
Fermi-level, geometry, orientation o f the quantum dot along the axes, and size on the
absorption spectra o f semiconductor quantum dots was studied here.

All simulations

were carried out for four states and at room temperature conditions. When light polarized
in a single direction is incident on a quantum dot, only one absorption peak is observed.
Two to three absorption peaks are observed when light o f random polarization is incident
on a quantum dot. The absorption increases or decreases with increasing Fermi-level
depending on whether the Fermi-level lies between OeV and 0.5eV or between 0.5eV to
2eV. The geometry o f a quantum dot greatly influences its optical properties. The
strongest absorption was observed for an ellipsoid with

2 0

% deviation along the axes,

followed by an ellipsoid with 5% deviation, which in turn was followed by a sphere and
an ellipsoid with 10% deviation. In addition to shape, the orientation o f an ellipsoid along
different axes was found to affect the absorption spectra o f an ellipsoid. All six possible
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orientations for an ellipsoid o f same shape and volume were simulated and in all o f the
cases, the absorption strength was found to be different. The absorption spectra for GaAs
quantum dots o f varying sizes was calculated and the strongest absorption was found for
the smallest quantum dot. Blue-shift was observed for GaAs quantum dot. In addition to
size, the material dependence for a fixed size but different materials (GaAs, Si, ZnO,
CdSe, and CdTe) o f quantum dots was studied. The results that were obtained show a
very wide tunability range for size and materials over the infrared range. The infrared
wavelength for the absorption peaks varies from Far infrared (FIR) to Near infrared
(NIR). Various quantum dot devices can be designed for such a large range with
applications

varying

from

FIR

Lasers,

heat

seeking

missiles,

long

distance

communications, and night vision cameras.
The study o f metal quantum dots is a very exciting and interesting field o f study
because o f the immense application and relevance to SERS. The study o f variation of
extinction spectra and electric field intensity o f gold and silver nanopartieles with
variations in polarization o f light, semiconductor substrate, and size was carried out in
this study. The maximum electric field was generated when the wavelength o f incident
light is kept equal to the wavelength corresponding to the peak extinction coefficient. The
electric field was found to be distributed radially, laterally, or along a certain axis. The
maximum electric field was obtained for silver when a silver nanopartiele o f 15nm radius
was placed over a substrate o f GaAs with the wavelength o f incident light equal to
357nm. The electric field was found to be 773 times than that o f the surrounding
substrate. The maximum electric field for gold was obtained when a gold nanopartiele o f
15nm radius was placed over a substrate o f GaAs with the wavelength o f incident light
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equal to 889nm. The electric field in this case was found to be 765 times than that o f the
surrounding substrate.
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